The operation of railway track is likely to involve the presence of solid contaminants on the line at some stage. This may be from the dispersion of freight goods such as coal or minerals, or the presence of ballast stone thrown on to the track either by the passage of the train or during ballast cleaning operations. In addition, where a driver experiences low traction (particularly on steep or liquid-contaminated track), sand may be deliberately placed on the track surface to improve traction. Railway track in dessert areas is also known to suffer from severe wear induced by wind-borne sand particles. The effect of these contaminants is of concern since they may cause damage and accelerated wear of both track and wheel. This paper attempts to examine the effect of brittle contaminant materials on the wear of railway track. A series of small-scale laboratory experiments has been carried out in which crushed granite ballast is fed into a rolling-sliding contact. The level of surface damage is shown to be slight and generally insignificant when compared to normal rail roughness. However, the repeated entrainment of solid particles can lead to excessive wear. An attempt has been made to quantify this wear process and to develop a simple empirical model.
NOTATION a
crack length (m) A cross-sectional area of a groove (m 2 ) A 2 cross-sectional area of material removed from a groove (m 2 ) A 3 cross-sectional area of material displaced into groove hinterland (m 2 ) b
Hertzian contact half-width (m) d average diameter of the contaminant (m) e proportion of particles that enter contact f proportion of material displaced by a particle that is removed as wear g proportion of entrained particles that cut a surface K IC fracture toughness (MPa m 1=2 ) _ m wear rate (g=cycle) n test duration in number of cycles N number of particles which pass through the contact s slide-roll ratio (per cent) w mass of contaminant fed into the contact (g) Y crack geometry factor í coefficient of traction r density (kg=m 3 ) ó applied stress (MPa)
INTRODUCTION

Rail solid contaminants: entrainment and crushing
Many of the solid contaminating particles that might be expected to lie on a section of rail track will be brittle (e.g. limestone or granite ballast, sand or coal dust). All but very large particles will become entrained into the wheel-rail contact, where they will experience a high load and necessary fracture. Some of the fracture fragments will be ejected clear of the contact, while some will pass into the contact and be subjected to further crushing. Damage to the track and the wheel might then be caused, firstly, when the ballast rock is crushed and, secondly, when the fragments are rolled over in the contact. A preliminary experiment was carried out to determine whether the former damage mechanism (and therefore the size of the ballast rock) is significant. A piece of ballast rock was crushed between platens of rail and wheel steel in a hydraulic test machine. The rock was crushed to a mass of powder and loading was continued until no further displacement occurred. The steel surfaces showed only a fine crazing 1-2 ím deep. This level of surface damage is largely insignificant compared to the roughness of the rail surface.
It is suggested that of more concern is the wear caused by fragments entrained into the contact, which are then subjected to relative sliding. Gross rail or wheel wear could be caused by the rolling over of a large number of these fragments.
The size of the crushed fragments will be dictated by the fracture toughness and the size of any flaws in the material. An estimate of the minimum particle size that can survive a contact can be obtained by considering the stress, ó , surrounding the particle and the size of the largest flaw, a, in the material of fracture toughness K IC [1] :
where Y is a constant depending on the crack geometry (e.g. Yˆ1:12 for an edge crack or 0.65 for a semicircular flaw). We can assume that when the particle is being pressed between the rail and wheel steel surfaces it will be subjected to a maximum stress equal to the hardness of the steel (2.57 GPa for the wheel 2.68 GPa for the rail). Using realistic values for the toughness of the granite material (K ICˆ3 MPa m 1=2 ) gives the size of the maximum flaw that will not propagate to fracture. The particle cannot be smaller than this flaw size. Thus, a crude estimate for the smallest possible surviving particle can be obtained as 0.3-1 ím. This particle then behaves as a rigid indentor as it is pressed between the two opposing wheel and rail surfaces. Dents of at least this size will then be obtained on the rail surface. There may be some particles larger than this (if they have not seen the full contact stress), so this figure does not represent a conservative estimate but merely a guide to fragment size and resulting damage. The load on each particle in a contact is very high and the particles will be pushed into the surfaces. Since the wheel and rail hardnesses (and therefore the contact pressure between the particle and plastically indented steel surfaces) are similar, the particle will be imbedded virtually equally between the two surfaces. The damage left by a particle of 1 ím diameter is not significant when compared with the typical roughness of a rail surface (R a0 :3-0:5 ím).
The mechanism of wheel/rail abrasive wear
Typically the wheel-rail contact is subject to slip of the order of 1 per cent of the mean rolling velocity. The typical length, in the longitudinal direction, of a wheel-rail contact patch is 8 mm. A particle entrained into the contact will therefore experience 80 ím of relative slip as it passes through. The particle sliding is accommodated by a groove forming on one or both of the steel surfaces. Some of the particle volume will be accommodated by elastic deformation of the steel surfaces and some by plastic flow of the material into the groove hinterland. Some proportion of this volume, however, may be removed as a wear particle. Many such particles enter into the rolling-sliding contact, each causing a small amount of material loss. Over a period of time this may result in severe mass loss and change of rail/ wheel surface profile. This wear process, whereby a hard particle is trapped between two rolling or sliding surfaces, is classified as three-body abrasive wear [2] . Rolling bearings [3, 4] , journal bearings [5] and wheel-rail contacts are known to be susceptible to this mode of failure [6] .
The actual volume of material removed by a particle as it passes through a contact is not easy to determine. It has been shown to be dependent upon a number of factors including particle material and geometry, normal load, cutting edge angle and the hardness ratio of the two surfaces [1, [7] [8] [9] [10] [11] [12] [13] .
The aim of this work has been to observe these mechanisms experimentally. A twin-disc machine was used to simulate the wheel-rail rolling-sliding conditions. The contact is fed with solid particles of crushed ballast material. Tests were performed to determine how particles fracture and change as they pass through a contact. Attempts were made to quantify material removal and relate this to wheel-rail properties and the direction of slip. The surface and particle morphology, weight loss and deformation of the discs were studied and are discussed in relation to a semi-empirical model.
APPARATUS AND LABORATORY PROCEDURE
Twin-disc testing machine
A twin-disc testing machine was used to investigate the wear of rail and wheel steel materials during rolling-sliding behaviour. The machine was specifically designed to investigate wheel-rail contacts and is described in detail by Fletcher and Beynon [14] . A pair of steel discs were loaded together hydraulically and driven independently by two electric motors. An advanced control system allows the discs to be driven at fixed stable slide-roll ratios. (The slide-roll ratio, s, is defined as the difference between the rolling speeds divided by the mean rolling speed and is negative on a surface where the rolling and traction are in opposite directions.) The driving torque and rotational speeds were measured by means of a torque transducer and rotary shaft encoders.
Specimen preparation
The rail and wheel discs were manufactured to AE 47 mm by 10 mm wear track from sections of 900A rail and R7 wheel supplied by Thyssen Stahl and Deutch Bahn respectively. Specimens were cut so that centre-lines of the rail and wheel discs lay parallel to the longitudinal axis of the rail and the centre of the wheel tread respectively. The material compositions and properties for these steels are given in Table 1 .
Test conditions
All the tests were carried out with a normal load of 8.45 kN, which gave a nominal line contact pressure of 1.5 GPa between the discs as calculated using the elastic Hertzian contact solution [15] . A constant slide-roll ratio of 1 per cent was applied such that the wheel disc was the driving disc and the rail disc was the driven element. This is typical of conditions seen in a railway when the locomotive is driving.
Preparation and feeding of the contaminant
The contaminant was prepared from granite ballast collected from beside railway track. In order that the contaminant would be taken into the inlet region of the twin discs it was necessary to crush the ballast into a coarse powder and size it by sieving it through a 0.5 mm mesh.
Since the ballast will fracture into much smaller particles on entry to the wheel-rail inlet region, it is not the initial particle size that is important, but the final size of the fragments that pass through the contact and are responsible for wear. The initial particle size distribution of the powder was measured using a Coulter LS Particle Size Analyser (Fig. 1 ). The average mean particle size from a series of four measurements with the contaminant suspended in water was found to be 0.29 mm. The rotating twin discs were fed with contaminant from a small tray placed close to the discs. An average feed rate of 6:5 mg=cycle was achieved by feeding the contaminant manually onto the lower wheel disc so that it was carried into the contact.
Test programme
A series of wear tests were carried out using the twin-disc testing machine while feeding the discs with solid contaminant. The wear rate was established by interrupting the test at 3000 cycle intervals. At each interruption the discs were removed from the machine, cleaned, weighed and measured, and replicas were taken and photographed before replacing the discs and continuing with the test. Wear debris was collected and weighed and later examined using a scanning electron microscope. After testing, the discs were sectioned radially and longitudinally, polished, etched in 1% Nital to reveal the microstructure of the cracks, examined under an optical microscope and photographed.
RESULTS
Wear debris morphology
Investigation of the wear and contaminant debris was carried out using a scanning electron microscope with both back-scattered and secondary analysis. The debris was first mounted on to stubs using carbon pads and then carbon coated to provide good transmission. Examination of the debris material exiting the contact revealed that it consisted of small flakes of material ¹1 mm in diameter by ¹20 ím thick as shown in Fig. 2a . The samples contain a mixture of both flakes and uncrushed ballast particles as shown in Fig.  2b . The uncrushed particles have not passed through the rolling contact region since the experimental set-up makes it difficult to ensure that all particles fed into the contact actually pass through. Closer examination of the flakes showed that they consisted of agglomerated subgrains of granite approximately 0.5-2 ím in size. Figure 3a shows a view of an edge of a flake, where these subgrains are visible. These subgrains appear to be loosely bonded. An ultrasonic bath was used to break down the flakes; the size distribution was then measured and the median was found to be 1.07-1.4 ím. The data are overlaid on to the initial size distribution in Fig. 1 .
Investigation of the surfaces of individual granite flakes revealed a striated and scored surface (Fig. 3b ). It is well known that brittle materials under high pressure can flow plastically [16] . Interestingly, these striations are similar to the phenomenon known as slickensides seen in rocks subjected to high pressure and shear under geological motion [17] .
The debris was separated magnetically in an attempt to identify the volume of steel wear debris lost from the discs. This was unsuccessful because the separated weight was far in excess of the recorded weight lost from the discs, suggesting that the iron wear particles had been combined and agglomerated with the contaminant. On examination of the magnetic debris it was found that small iron flakes had adhered to the surfaces of the granite flakes ( Fig. 4 shows an example).
It appears that the granite particles are initially broken down in the entry of the contact to a submicrometre size.
These fragments then agglomerate, with steel wear debris, into platelets that are then pressed and sheared in the contact. This process is shown schematically in Fig. 5 .
Wheel and rail surface damage
During the first few cycles of a test both the wheel and rail disc surfaces quickly took on a frosted appearance owing to the abrasive action of the granite contaminant ( Fig. 6 ). No deep dents were found and the measured surface roughness was in the range R aˆ1 -2 mm. Further cycles produced little change in the surface appearance of the discs. The surfaces of the discs were analysed by replication and microscopy. This technique, which is commonly used in surface fatigue studies, employs an acetate film that is The acetone is allowed to evaporate, leaving a solid replica suitable for microscope or scanning electron microscopy (SEM) viewing. This replication of the disc surfaces, after 6000 cycles, revealed the formation of surface cracks on both the rail and wheel surfaces (Figs 7a and b) . Replication revealed that the wheel disc contained a few embedded particles (Fig. 7b ). Figure 8a shows an SEM close-up of the worn rail disc surface. Wear grooves and peeled away material can be observed. The grooves were found to be typically 10 ím long by 1 -2 ím wide. Examination of the wheel disc surface revealed a very different surface morphology ( Fig. 8b) . Many indentations and pits were visible (typically 2-3 ím in size), with virtually no evidence of grooves or scratches on the surface. Under these test conditions the contact width (in the direction of rolling) is 0.7 mm and the slide-roll ratio is 1 per cent. Particles are expected to slide by ¹7 ím, which is of the same order as the measured length of the grooves (¹10 ím). The width of the grooves (1 -2 ím) was found to be consistent with the final mean debris size of 1.5 ím found using the Coulter size analyser (as shown in Fig. 1 ).
All this evidence seems to support the theory that hard contaminants entering a rolling-sliding contact are crushed and then embedded into the softer surface (the wheel disc), thus gouging the harder surface (the rail disc). Agglomeration of the particles and resulting wear debris occurred in the contact. However, to complicate the process further, some surface cracking appears to have occurred.
Weight loss from test discs
Throughout the wear tests the discs were cleaned, weighed and measured at 3000 cycle intervals. Figure 9 shows the Detail of the 'mechanism' of third-body abrasive wear in a rolling-sliding contact such as on a railway. The contaminant considered here is a piece of granite ballast which is trapped, crushed, entrained and finally agglomerated as it passes through the contact of the wheel and rail results of two tests: one in which the wheel disc was driving and one in which it was driven. In both cases the rail disc was found to lose more weight than the wheel disc. This supports the observations of surface damage and the theory that the abrasive particles are embedding into the wheel surface and scratching the rail. If abrasive wear occurs as a result of particles embedding in the softer wheel disc and gouging the harder rail disc, it would be expected that reversing the direction of slip would have little effect on the weight loss of either disc (since only the direction of ploughing has changed and not the particle or material configuration). The results from the positive slip test show this is the case (Fig. 9 ). The reason for this behaviour is the difference in hardness of the two materials. It has been shown by several workers [5, 7, 9, 11 ] that hardness ratio controls this mechanism. Particles embed in the softer surface and scratch the harder; the harder surface thus wears at a greater rate than the softer. It is interesting to observe that even very slight differences in hardness (in the present case the wheel is only 5 per cent softer than the rail) can result in some 2.5 times greater wear on the harder surface. This is in keeping with the work of Dwyer-Joyce et al. [11] on three-body abrasion studies of rolling element bearings. In this example the rolling elements wore faster than raceways that were apparently 10 per cent softer.
Of course, this hardness ratio effect occurs only in this three-body regime. In two-body wear (where no abrading particles are present), the softer surface is expected to wear more than the harder. The results of Tyfour et al. [18] are plotted in Fig. 9 . In this experiment the wheel and rail discs are run clean and dry under similar loading conditions. Here the wheel (yield stress 325 MPa, hardness 2.7 GPa) wears more than the rail (yield stress 406 MPa, hardness 2.4 GPa). Again the harder surface has worn less, but in this case the yield stress is considerably less also. The results are not directly comparable, since different steels were used, but it is interesting than the two-body and threebody wear processes seem equally damaging.
Wheel and rail subsurface microstructure
Sections were cut from the test discs to show the microstructure in the longitudinal direction (i.e. in the direction of surface traction). Examination of the microstructure revealed a large amount of accumulated plastic strain near the disc surfaces (Fig. 10a ). Deformation of the microstructure could be seen to a depth of 1.0 mm (Fig.  10b) . At the scale of these pictures it is not possible to see the surface damage caused by the abrasive particles. This type of deformation is often observed in wheel-rail contacts, where each pass of the wheel imparts an increment of plastic shear strain, which eventually forms a layer of sheared material near the surface [6] . Flakes and cracks were found near the surfaces of both the rail and wheel discs that could be seen to initiate from grain boundaries and inclusions in the heavily deformed microstructure ( Fig. 11 ).
An estimate of the accumulated strain can be found by taking the tangent of the angle, ç between the deformed microstructure and the normal to the disc surface at an arbitrary depth (say 200 ím); Table 2 shows these results. The wheel steel, being slightly softer and more ductile, accumulates more strain before fracture. The accumulated strains are slightly less than those observed in the clean dry tests of Tyfour et al. [18] also shown in the table. This is attributed to the lower friction coefficients, and hence lower shear traction, observed during these contaminated tests. Figure 12 shows a typical recording of the friction coefficient with an average value of 0.2-0.25. The scatter is significant and is caused largely by inconsistencies inherent in the feeding of the contaminant. Without the presence of contaminants, friction coefficients of 0.41 were recorded. The particles cause a reduction in the coefficient of friction from the dry case. The reasons for this behaviour are not entirely clear; it is possible that the shearing of the debris flakes requires a lower stress than the shear of the steel surfaces, either because the granite material under pressure has a low shear strength or because the particles themselves are sliding over one another. The flakes are essentially acting as a (relatively poor) solid lubricant. Table 2 . Pressureˆ1500 MPa; wheel disc is driving disc; slip¡ 1 per cent 
Three-body abrasive wear and ratcheting wear
In work on wheel/rail failure in 'two-body' uncontaminated environments [19] [20] [21] [22] it has been shown that the direction of traction is key in the development of wear. An increment of plastic strain accumulates with each cycle in the direction of traction. When the strain exceeds some critical strain, fracture occurs and a crack or wear particle is produced. Table 2 shows an estimate of the strain accumulated in the present tests (contaminated with ballast dust) compared with those from the tests of Tyfour et al. [18] in uncontaminated conditions.
It is clear from these results that in the current study there are similar levels of plastic strain. It is suggested that both three-body abrasion and ratcheting wear are occurring. These two mechanisms are in competition; there will be a balance between the rate of plastic strain accumulation at the surface and the rate of material removal by abrasion. At this stage the relative magnitudes of weight loss by each method are not evident. Suffice it to say that there is evidence for both wear by both grooving (abrasion) and fatigue pitting (ratcheting). The abrasion rate will be higher than in a clean environment, but the ratcheting rate will be lower since the coefficient of friction, and hence shear stress level, is less. Fig. 7 Replica of (a) rails and (b) wheel disc surfaces after 6000 dry cycles with a granite contaminant. Surface cracks as observed. Pressureˆ1500 MPa; wheel disc is driving disc; slipˆ¡1 per cent
A MODEL OF THE ABRASIVE PROCESS
A simple model of the three-body abrasion process can be obtained by considering the cumulative material removed by each particle as it passes through the contact. An individual particle is assumed to displace a volume of material equal to its embedded cross-sectional area, A, multiplied by the distance it slides. Of that material displaced some proportion, f , will be removed as wear, the rest being accommodated by elastic or plastic deformation of the surfaces. If N particles are fed into the disc inlet region, only some proportion, e, will actually pass into the contact, the rest passing around the sides or being ejected from the entry. Of that number some proportion, g, will actually cut. This leads to an expression for the wear rate as follows:
where r s is the steel density, n is the test duration in number of cycles, b is the width of the contact patch along the direction of motion and s is the slide-roll ratio. Fig. 10 Heavily deformed microstructure in the wheel disc after 40 000 dry cycles of feeding with granite contaminant. Pressureˆ1500 MPa; wheel disc is the driving disc; slipˆ¡1 per cent Fig. 11 Photomicrograph of flakes seen at the rail disc surface after 40 000 cycles. Pressureˆ1500 MPa; wheel disc is driving disc; slipˆ¡1 per cent If the mass w of particles fed into the disc conjunction over the test period is known, and they are assumed to be of side length d, then the number of particles, N , is estimated as
where r c is the density of the contaminant. The particle will be pressed approximately equally between the two steel surfaces (since they both have similar hardness). As there is unlikely to be a large (relative to the size of the particle) film separating the surfaces, the material that would be displaced by a particle from its cross-sectional area (Aˆd 2 =2) can be estimated.
The entry factor, e, is the proportion of contaminant particles fed into the disc conjuction that will enter the contact. Since neither the wheel-rail contact nor the twindisc wear test contact is a closed system, it cannot be assumed that 100 per cent of the contaminating particles enter the contact. An estimate for the number that pass through the contact can be made from the before and after particle size distributions (Fig. 1) . From a quick calculation of the mass in each size band it is estimated that approximately 15 per cent of the particles have been reduced in size during the feeding. It is reasonable to assume that these particles have been through the contact, thus eˆ0:15.
Estimates for the grooving factor, f , and the cutting factor, g, are harder to obtain. Buttery and Archard [10] describe a method for characterizing the geometry of a scratch using an idealized cross-section (shown schematically in Fig. 13 ) in which the area of displaced material equals A 3 . Some of this will be removed as wear, while the rest piles up into dent shoulders (denoted A 2 ). This neglects the elastic accommodation of the particle and any plastic flow subsurface. The proportion of displaced material removed from the surface, or the ploughing factor, can then be found from
A crude estimate of the ploughing factor was obtained from SEM micrographs of the rail disc worn surfaces. A value of 0.1 does not seem unreasonable (see Fig. 8a ) and is in keeping with other published data on abrasion scratches [10, 11] .
The proportion of the entrained particles that cut the surface, g, is difficult to obtain. It is not feasible to count the grooves formed in the test since they are so densely packed. Rabinowitcz et al. [2] in his work on three-body abrasion suggests that 10 per cent of particles cut, while the rest roll or tumble through a contact. In the absence of any alternative data, a value of gˆ0:1 was used here.
Using equation (2) with variables appropriate to the test performed, summarized in Table 3 , predicts a constant Considering the many assumptions involved in the analysis, the results are encouraging. This method is proposed as an order of magnitude predictor for abrasive wear damage to the rail track. There are, however, two fundamental mechanisms not considered in the above.
1. There is evidence that the particles themselves have undergone some shear in the contact (the striations on the debris observed in Fig. 3b ). Thus all the contact slip may not have resulted in groove formation. In addition, the particles are observed to agglomerate into flakes. Neither of these phenomena has been quantified in the model. 2. Strain has accumulated in the near-surface regions ( Fig.  10 ) and may lead to wear by ratcheting. To improve the model it would be necessary to attribute some of the wear to ratcheting. Kapoor [22] has proposed a model for this that, in principle, could be combined with the above to study the interaction between ratcheting strain accumulation and abrasive material removal.
CONCLUSIONS
1. Experiments were performed to study the effect of solid particle contamination on wheel/rail wear. A twin-disc test machine was fed with crushed ballast particles. Measurements of weight loss and examination of the surface and wear debris were used to deduce information about the wear processes. 2. The ballast particles fractured in the inlet to the contact.
The fragments entered the contact, agglomerated into flakes and ploughed the surfaces. There was evidence that the flakes themselves had been plastically sheared. 3. Evidence of particles embedding in the softer wheel surface and scratching the hard rail surface was seen. This caused the harder rail to wear at 2.5 times the rate of the softer wheel. The direction of traction had no effect on the abrasion mechanism. 4. Strain accumulated in the surface of the test discs in the direction of traction. The magnitude of these strains was of the same order as similar tests without contaminants present. Evidence that both abrasive wear and ratcheting wear processes occurred has been presented. 5. A simple model of the abrasive process has been proposed. The wear rate was determined from geometrical considerations of the particle and how far it slides in the contact. The model gives order of magnitude predictions of abrasive wear rate. 
